Background: Cutaneous scarring is affected by genetic, physiologic, and biochemical factors. These produce a continuum of scar types (i.e., keloid, hypertrophic, atrophic, contracted, and fine line) that can be symptomatic, aesthetically unsatisfactory, psychologically distressing, and functionally restrictive to the affected individual. Accurate scar assessment allows for quantification of scar evolution and management, and is key to evaluating the effectiveness of applied modulating therapies and treatments. Numerous objective instruments exist for the evaluation of different scar characteristics, but no consensus has been reached as to the most appropriate device. This review aims to explore the current range of noninvasive objective assessment tools available for cutaneous skin scarring, with specific emphasis on their application to research trials and clinical practice. Methods: An extensive search of the literature was completed to assemble comprehensive data surrounding the objective assessment of skin scars by both validation studies and clinical trials. Results: A wide range of tools exist to monitor cutaneous scar physical characteristics. Primarily, there are four parameters explored by these instruments: (1) color, including pigmentation and vascularity (e.g., laser Doppler); (2) surface area (e.g., three-dimensional scanning); (3) height/depth (e.g., ultrasonography); and (4) pliability (e.g., tonometry). Many studies appraise single instruments in specific scar patient groups with subjective comparator tools. Conclusions: There is no overall valid and reliable noninvasive objective assessment tool for measurement of cutaneous skin scar characteristics. Further studies are warranted that compare multiple, parameter-specific instruments in a single-sample group and across a range of scar types. (Plast. Reconstr. Surg. 126: 912, 2010.) 
N
early 100 million people acquire new scars every year in the developed world alone, primarily because of elective or traumatic surgical intervention. [1] [2] [3] As a result, 38 to 70 percent suffer abnormal (i.e., hypertrophic, keloid, and contracted) scarring, and many of them are burn victims and children. 1,2,4 -7 Scar modulation therapy will be received by high numbers of these patients. Accurate scar assessment allows for quantification of scar inflammatory state, morphology, evolution, and developmental variations with interventional treatments. 8 -11 Skin scars are the end result of a cutaneous injury and a series of events involved in the woundhealing process. 12 Depending on the degree of dermal disruption, the skin may heal completely, or a scar will often be the final outcome. 13 In addition, the scar formation and subsequent development are also affected by the extent and type of inflammatory response. 8, 12, 14, 15 It has been proposed that the scar is a byproduct of evolutionary healing to optimize speed for repair and recovery. different characteristics of cutaneous scarring. Subjective tools have undoubtedly proven to be useful and are highly applicable to busy everyday clinical practice. [17] [18] [19] Nevertheless, for clinical evidence-based medicine to progress, the application of new techniques and therapies requires the objective evaluation of a number of well-defined parameters. 20 This enables a valuable scar evolution assessment and comparison of the effectiveness of treatments by noninvasive means to be completed. This review aims to explore the range of noninvasive objective assessment tools available for use in cutaneous scarring and highlight their significance in clinical application to date.
METHODS
A broad literature search was conducted of articles published between 1937 and 2010 indexed in the following databases: Medline, Cinahl, Embase, and Scirus. This included the following key words (applied individually and in a variety of combinations): "skin scar," "objective assessment," "objective tools," "scar evaluation," and "scar measurement." Only English language publications were included, and the bibliographies of relevant literature obtained were examined for additionally significant articles.
RESULTS
There are a variety of instruments available to assist the clinician and researcher to assess cutaneous scarring by objective noninvasive means. These attempt to quantify different characteristics of skin scarring by morphologic (structural and mechanical) and physiologic properties. 18, 21 For the purpose of clarity, this review focuses on the physical characteristic parameters of color, surface area, height/depth, and pliability separately.
Color
Skin scar coloration is determined by the vascularity and pigmentation of the tissue involved. 22, 23 After cutaneous injury, abnormal skin color is a common complaint by scar sufferers. 24 The inflammatory process itself induces an increase in vascularity and erythema, with more active scars having an enhanced blood supply. 19 Pigmentation can be quantified by determining the intensity of reflected light from cutaneous tissue at specific wavelengths and through known light absorption patterns in melanin and hemoglobin (Fig. 1) . 19, 21, [25] [26] [27] When color in cutaneous tissue is measured by reflectance spectroscopy methodology, this is achieved by either tristimulus 28, 29 or narrow-band scanning reflectance instruments. 23, 30, 31 Tristimulus Color Systems These devices have been developed based on the human color perception model, 28, 29 including the Chromameter CR-200/CR-221-R/CR-300 (Minolta, Osaka, Japan), the Micro Color (Dr. Lange GmbH, Germany), and the LabScan XE (Hunter Associates Laboratory, Inc., Reston, Va.). 26, 32 The Chromameter uses a xenon lamp to illuminate skin with a white beam, and reflected light is collected by photodetectors by means of three colored filters at 450, 560 and 600 nm. 30 Light is then expressed in relation to the levels of brightness (white-black) and color values (green-red/blue-yellow). 31 The tool requires daily calibration 33 but yields immediately readable and reliable output data. 25, 30, 33 In evaluation studies, the Chromameter was thought to be a reliable tool and more accurate than subjective scar assessment. 30 The Chromameter is reliable in connection with the Vancouver Scar Scale clinical vascularity scores but fails to demonstrate significant differences (p Ͼ 0.05) between normal and red coloration categories, and hypopigmented and hyperpigmented scars (p ϭ 0.28) in comparison with the DermaSpectrometer. 22 The Micro Color works similarly, needing regular calibration but with slower data transfer. 25 In cutaneous studies, the Micro Color has been rated equal to the Chromameter for accurate erythema Volume 126, Number 3 • Noninvasive Assessment of Skin Scars assessment and has a positive correlation to clinical erythema scores and laser Doppler flowmetry measurements of cutaneous blood flow. 25 The full-spectrocolorimeter LabScan perceives color details by a method similar to that of the human eye. 23 This reliable scar pigmentation instrument compares to the Vancouver Scar Scale with satisfactory test-retest reliability in all three color parameters.
23

Narrow-Band Spectrophotometric Color Analysis
This method of color quantification works by a process of melanin and erythema index calculations. 34 The specific known light absorption curves of melanin (absorbs all wavelengths of light) and hemoglobin (main absorption peak at green wavelength and little in the red wavelength) estimates constituent element content values. 26 The DermaSpectrometer (Cortex Technology, Hadsund, Denmark) narrow-band reflectance device, using green (568 nm) and red (655 nm) light by means of a 6-mm probe, 30, 35 requires regular calibration to compare reflected light intensities for relative assessment of skin optical hemoglobin density. 22, 36 The DermaSpectrometer (cyberDERM, Media, Pa.) has performed well in clinical scar evaluation for its reliability compared with the Chromameter, by obtaining best correlation with the Vancouver Scar Scale for vascularity (p Ͻ 0.05) and pigmentation (p Ͻ 0.01). 22, 30, 34 Clinically, it is easy to use and the thin assessment tip improves scar surface contact. 22, 30 Alternatively, the Mexameter (MX18; Courage and Khazada GmbH, Cologne, Germany) has 16 diodes emitting light of three defined wavelengths (i.e., 568, 660, and 880 nm) and assesses an area 5 mm in diameter by means of a constantpressure spring mounted probe for pigmentation evaluation. 37 Skin contact for several seconds enables absorption rate analysis, and the device requires only a weekly calibration but lacks sensitivity and specificity, failing to discriminate differences in the erythema index in scar types. However, the intrarater reliability proved acceptable between scar sites over differing time points for erythema (intraclass correlation coefficient, r Ͼ 0.75) and melanin (r Ͼ 0.89). 37 Significant concurrent validity with the modified Vancouver Scar Scale and an acceptable accuracy rating for all sites (r Ͼ 0.82) has also been shown. 20 
Laser Doppler Flowmetry
The blood perfusion in cutaneous scar tissue can be linked to the extent of vascularization present; therefore, laser Doppler flowmetry may be a suitable tool. Laser Doppler flowmetry measures the random red blood cell movement over an area approximately 1 mm 2 and at a variable (device dependent) depth. 25, 38 The laser Doppler flowmeter (Perimed, Järfälla, Sweden) demonstrated significant correlation with the Vancouver Scar Scale in the assessment of burn scars. Hypertrophic scars were noted to have higher scores and increased blood flow in parallel to previous studies 22, 39 ; therefore, laser Doppler flowmetry could act as a predictor tool during scar maturation. When used for erythema evaluation, laser Doppler flowmetry also positively correlated with clinical scoring and colorimetry (by Micro Color and Chromameter). 25 Although laser Doppler flowmetry has been previously associated with high device expenditure, new lower cost full-field laser perfusion imagers (Moor Instruments Ltd, Devon, United Kingdom) may prove more feasible, especially clinically because of the simplicity of use and high-temporal-resolution images captured (Fig. 2) .
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Photographic Analysis A number of preliminary studies have endeavored to assess scar color by photographic means. Through capturing a video-camera image on computer, subsequent quantitative color analysis using custom-written programs incorporating the color model of "hue, saturation, and value" can describe the depth of burn scar coloration 40 in contrast to gray-scale quantification processes. 41 
Surface Area
The characteristic irregular borders and contours of cutaneous skin scarring present difficulty when attempting to quantify size and shape. 9, 42 Therefore, simple length and width calculations have no validity and thus limited clinical application.
Planimetry Planimetry is the measurement of surface area and is frequently assessed by means of transparency tracing or photographic methods. Transparency tracing involves using a double-layer sterile acetate film placed over the wound, with the outline traced and the bottom layer discarded before either computer area analysis or manual graph paper "square counting." 42, 43 Alternatively, photographic planimetry by plain photographs under standardized conditions (distance and light) with a vertical and horizontal gauge and similar analysis methods can be completed. 42, 44 Furthermore, an Image Tool (CD Wilcox) can be used to electronically scan and calculate the total scar area. 22, 45 This two-dimensional photographic analysis proPlastic and Reconstructive Surgery • September 2010 vides increased accuracy and is inexpensive and easily reproducible, 22, 45 but some digital planimetry difficulties are reported in less mature burn scars resulting from the acute activity surrounding the margins leading to poor observer border definition. 46 
Three-Dimensional Imaging
In recent years, use of three-dimensional scanning devices has entered the research literature as a more sophisticated and potentially quantitative method of objectively measuring not only scar area but also scar volume. Previously designed for industry, the Vivid 900 three-dimensional digitizer (Konica Minolta, United Kingdom) is a noncontact device and takes only 1.5 to 9 seconds to complete an image capture (Fig. 3) . 47, 48 
Height/Depth
Before the use of three-dimensional scanners, the primary aim of scar depth assessment was to quantify an overall scar volume. 47, 49 Thus, the application of the correct measuring tool may depend on the intention to assess total scar depth or maximum height from the normal skin surface level.
21,41
Ultrasonography Many ultrasonography devices exist for total scar depth quantification and have been used in validation and clinical studies. These include the tissue ultrasound palpation system (PolyU, Hung Hom, Hong Kong), 17 Aloka Echo Camera (SSD-500; Aloka Co., Ltd., Tokyo, Japan), 50 and DermaScan-C 20,33,37,51,52 and DermaScan-A (Cortex Technology). 53 All devices have demonstrated a good basic accuracy and reliability, 20, 33, 37, 51 with the DermaScan-C appearing to be the most widely used. Its 12-mm-wide viewing field and 15-mm penetration can sensitively and specifically discriminate hypertrophic scar and normal scar in addition to hypertrophic scar and normal skin based on total thickness measurements. 37, 52 In both tissue ultra- Volume 126, Number 3 • Noninvasive Assessment of Skin Scars sound palpation system and DermaScan-C studies, a significant difference has also been documented between burn and surgical scar types. 17, 20, 37 The tissue ultrasound palpation system instrument has a 3-mm-diameter probe suitable for assessing smaller scars and has been used to record positive and negative depth readings accurately. However, difficulties exist in giving an impression of whole scar thickness and thus multiple-point assessment is required. 17 
Other Methods
To determine the scar height and volume, some studies have used rubber or foam molds similar to dental casts. 54, 55 The volume of water taken to equal the cast can then be determined; however, this method is time consuming and not practical in the clinical setting. 56 One study also used a dial caliper (Mitutoyo, Kawasaki, Japan) to record maximum vertical elevation above the skin in a clinical treatment.
36
Pliability
Cutaneous scars are required to glide and stretch with normal skin to facilitate normal physiologic function, especially near joints. 21 Thus, scarring can negatively affect the biomechanical skin properties that allow the skin its elasticity, extensibility, firmness, and tensile strength that constitute the collective definition of pliability. 21, 57 Pliability is an important scar characteristic because it affects movement and correlates with the patient's overall scar satisfaction. 58, 59 Pliability testing is divided into four subcategories based on the type of loading mechanism applied to the cutaneous scar: pressure, suction, torsion, and tension.
32,60,61
Pressure
The pneumatonometer was originally designed for ophthalmologists to record intraocular pressure. When in contact with the skin surface membrane, the airflow system is blocked, causing superior skin distortion up into the sensor plate, and the pressure required to displace the skin is measured. 62 The pneumatonometer (Solan 30; Medtronic Xomed, Inc., Jacksonville, Fla.) correlates well with clinical Vancouver Scar Scale assessments for burn scars and demonstrated a sensitivity of 87.5 percent and a specificity of 100 percent, 22 but a ceiling effect is demonstrated in thicker, noncompliant scars. 57 The Durometer (Model H1000; Rex Gauge Company, Inc., Buffalo Grove, Ill.) has performed equally well to correlate with the Vancouver Scar Scale and achieve good sensitivity (87 percent) and specificity results (91.7 percent), and is smaller, cheaper, and easier to use. 22 In addition, the Skin Compliance Device (Sensory Management Services, Baltimore, Md.), formerly known as the Derma-Durameter (NK Biotechnical Corp., Minneapolis, Minn.), can be used to record the maximum force by deflecting a sensing pin and converting the skin's resistance into an electrical signal. 57 Furthermore, a scarspecific modified tissue tonometer (BME1428 Burns Model; Flinders University, Adelaide, South Australia, Australia) can measure to a sensitivity of 0.01 mm of plunger depression, and is simple, portable, low-cost, and has high reliability between raters (Fig. 4) . 63, 64 Suction Suction instruments can assess scar elasticity by elongation principles through the hollow device probe center by means of a controlled negative-pressure system that registers an optical measurement estimating skin elevation displacement. 37 The Cutometer (MPA580; Courage and Khazada) is a commonly used suction method in scar assessment. 20, 37, 50, 65, 66 The device has multiple preprogrammed measurement modes, but previous studies have suggested the 6-mm hollow aperture probe was most efficient in viscoelasticity dermal testing for the "maximal deformation" Plastic and Reconstructive Surgery • September 2010 parameter. 37, 65, 67, 68 In addition, the Dermaflex and the more accurate 69 DermaLab (both from Cortex Technology) were used to quantify viscoelastic properties in skin on healthy volunteers 70, 71 and in scleroderma. 72 
Torsion
Torsion devices evaluate the mechanical biophysical skin properties by means of a rotational force in a horizontal plane, perpendicular to the skin. 61, 73 The torque produced through the 2-cm flat disk by the Dermal Torque Meter (DTM310; Dia-Stron Ltd., Broomall, Pa.) measured rotational deformation and recovery sensitively in two clinical studies.
73,74
Tension This type of device provides a constant-tension spring and a sensitive strain gauge to distract two loci of skin apart. 75 Such elastometer instruments provide a quantitative measurement of skin elastance and have a simple application technique. 22 However, results have not been reproducible between observers and the large, impractical equipment lacks clinical suitability.
75-77
Other Tools for Future Skin Scar Assessment
Previously, it was thought that laser Doppler flowmetry was the only reliable technique for measuring cutaneous blood perfusion directly. 52, 78 Now, further devices are available, such as the SIAscope (Astron Clinica, Cambridge, United Kingdom). This light-based-technology probe (11-mm diameter) is noninvasive and rests lightly on the skin surface. 27 The computer package uses known light interaction models with human skin to interpret the quantity of light at each wavelength being remitted by the skin (Figs. 1 and 5) . 79 It provides a pigmentary status of the first 2 mm of the skin and a numerical quantitative value of the constituent elements of melanin, hemoglobin, and collagen. 27 Recently, this has also been adapted to enable assessment of a larger skin areas for the evaluation of acute burn depth; therefore, this relatively inexpensive and portable device may potentially perform as a useful clinical measurement adjunct. 24, 80 Furthermore, capillaroscopy (modified Bollinger capillary microscope; Leica Microsystems, Wetzlar, Germany) is a useful tool for assessment of capillary bed density in chronic ulcers but not in closed cutaneous wounds. 81 Another promising advancement is noninvasive in vivo confocal laser scanning microscopy (Vivascope1000/1500; Lucid, Inc., Rochester, N.Y.). This provides optical en face horizontal sectioning with high cellular resolution and good contrast within living intact human tissue, 82 thus providing optical sections of skin without the need to physically dissect the tissue (Fig. 6) . 26, 83 
DISCUSSION
There are four measurable parameters in a range of skin scar types (Fig. 7) , which are either mature or immature in nature. There is, however, no single valid and reliable objective assessment tool for the quantification of an individual characteristic component of all skin scars types.
Few instruments have been used to clinically assess a variety of scar types, especially such problematic pathogenic (keloid) scarring for which objective research tools would be of great benefit in treatment evaluation studies. The majority of available literature reviewed here involved the assessment of burn hypertrophic scars and questions how transferable the data would be to other scar group types. There is a lack of literature examin- Volume 126, Number 3 • Noninvasive Assessment of Skin Scars ing the same physical features by different comparable measurement devices in the same sample group. The majority of existing studies focus on one instrument in one specific group of scar patients for one particular parameter. As all scars are unique and possess only common similarities for ease of clinical classification (i.e., hypertrophic, keloid), it remains uncertain which device would be suitable for a single characteristic assessment in even each separate categorization set.
Instruments need rigorous testing in the specific scar types to provide valid, reliable, sensitive, and specific output data. 84 At present, from the available evidence, observers must consider which tool provides the most reliable and reproducible results for the specific scar they plan to assess (Fig. 8) . This should include reflection as to the symptoms and signs of the scar. This review has demonstrated that some tools can be used to sensitively and specifically test a particular scar parameter and differentiate between scar types (i.e., normal scar and hypertrophic) 17, 20, 23, 37, 52, 65 to form objective discriminate numerical characteristics. This may be useful in the future to develop scar predictor scales for certain scar features 22, 39 and allow early treatment strategies to be implemented. Unfortunately, certain devices possess a ceiling effect as tissues become more rigid 37, 59, 85 or when scar color intensity increases significantly. 20, 22, 33, 86 The stage of scar maturation or inflammatory activity (especially Fig. 6 . Corresponding noninvasive in vivo confocal laser scanning microscopic images of a normal flat forearm scar using the Mavig Lucid Vivascope 1500; a plain dermoscopic photograph of the skin surface taken at 10ϫ magnification (above, left), cellular resolution in a horizontal slice VivaBlock 5 ϫ 5-mm image at the dermal-epidermal junction layer (above, right). Here, the arrows display how the regular structure of the dermal papillae can be visualized in the normal skin tissue in comparison with the disruption/absence apparent in the scar tissue region. A deeper papillary dermis/superficial reticular dermis 5 ϫ 5-mm VivaBlock image (below) illustrates again the clear variation in scar cellular morphology by the increased quantity of highly stressed collagen fibers within the scar (arrows).
Plastic and Reconstructive Surgery • September 2010 at the margins) must also be evaluated carefully to select the correct assessment instrument, 37, 42, 46 depending on the exact parameter to be examined. Furthermore, the size of the scar may affect the suitability of the instrument because of the probe diameter and retest reliability of scar sites if analyzed from a large lesion. 17, 22, 23, 30, 42, 59 The location of the scar (i.e., over superficial bone or increased body curvature) has been demonstrated to affect results in a number of devices. 23, 42, 43, 85 Methodologic reproducibility is an important factor to consider because some devices require more extensive rater training 17, 22, 52 and technical standardization 22, 23 in determining biophysical parameters of skin scarring. This limits the practical viability of such instruments to enter clinical practice and categorizes the tools to research use alone. Validation studies reviewed often use comparator tools that are subjective in nature and specific to a particular scar population. They can frequently consist of domains that are not directly comparable to the characteristic the objective device specifically measures 33, 86 ; thus, their suitability and overall data validity could be questionable.
Future technological advances and further validation of noninvasive objective skin scar assessment devices appear promising for the appraisal III, immature flat (stretched) scar; IV, mature flat (stretched) scar; V, multiple mature nontethered atrophic (depressed) scars; VI, single immature nontethered atrophic (depressed) scar; VII, tethered mature (nonerythematous) atrophic (depressed) scar; VIII, immature raised (hypertrophic) scar; IX, mature (nonerythematous) raised (hypertrophic) scar; X, immature raised (keloid) scar; XI, mature raised (keloid) scar; XII, immature raised (hypertrophic) contracture scar; and XIII, mature (nonerythematous) raised (hypertrophic) contracture scar. Each scar type can also be either be hyperpigmented (I, III, and X) or hypopigmented (II, IV, and VII). In addition, each scar type can initially or even persistently be erythematous (I, VI, VIII, X, and XII), which is often seen in the early maturity phase of scar formation.
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CONCLUSIONS
No consensus can be drawn for a single valid and reliable noninvasive assessment instrument for the quantification of the characteristics of all cutaneous scars. The exact requirements of an objective tool should be considered before undertaking a cutaneous scar assessment. Consideration of the parameter to be measured, coupled with the signs and symptoms present, is essential in the selection of a valid and reliable tool for the noninvasive objective evaluation of skin scarring.
